The spectral reflectance of the colon is known to be affected by malignant and pre-malignant changes in the tissue. As part of long-term research on the derivation of diagnostically important parameters characterizing colon histology, we have investigated the effects of the normal histological variability on the remitted spectra. This paper presents a detailed optical model of the normal colon comprising mucosa, submucosa and the smooth muscle layer. Each layer is characterized by five variable histological parameters: the volume fraction of blood, the haemoglobin saturation, the size of the scattering particles, including collagen, the volume fraction of the scattering particles and the layer thickness, and three optical parameters: the anisotropy factor, the refractive index of the medium and the refractive index of the scattering particles. The paper specifies the parameter ranges corresponding to normal colon tissue, including some previously unpublished ones. Diffuse reflectance spectra were modelled using the Monte Carlo method. Validation of the model-generated spectra against measured spectra demonstrated that good correspondence was achieved between the two. The analysis of the effect of the individual histological parameters on the behaviour of the spectra has shown that the spectral variability originates mainly from changes in the mucosa. However, the submucosa and the muscle layer must be included in the model as they have a significant constant effect on the spectral reflectance above 600 nm. The nature of variations in the spectra also suggests that it may be possible to carry out model inversion and to recover parameters characterizing the colon from multi-spectral images. A preliminary study, in which the mucosal blood and collagen parameters were modified to reflect histopathological changes associated with colon cancer, has shown that the spectra predicted by our model resemble measured spectral reflectance of adenocarcinomas. This suggests that an extended model, which incorporates parameters corresponding to an abnormal colon, may be effective for differentiation between normal and cancerous tissues.
Introduction
The most common examination method in the diagnosis of gastrointestinal disorders is white light endoscopy. Although it can easily identify advanced cancers, early flat and displastic lesions may be easily missed due to their inconspicuous appearance (Dacosta et al 2002) . During the endoscopic examination, biopsy samples are collected from suspicious regions for subsequent histological analysis. This is an invasive procedure and there is considerable risk that a diseased region will be missed. To improve the detection rate, and to provide a non-invasive alternative to biopsy, a range of optical methods have been investigated, including diffuse reflectance spectroscopy, fluorescence spectroscopy, Raman spectroscopy, optical coherence tomography and elastic light scattering spectroscopy (see a recent review by Dacosta et al 2002) . Common to all these methods is the need to understand the relationship between tissue histology and measured optical quantities, so that parameters characterizing the tissue can be derived from optical measurements.
To be of diagnostic use, any measurements must be capable of differentiating between normal and diseased tissue. Two key features associated with malignant and pre-malignant changes in colon are increased blood volume, most likely due to neovascularisation, and increased thickness and disorganization of the collagen fibre network and extracellular matrix. These changes are known to affect the diffuse spectral reflectance of the tissue (see section 7.1) and the challenge is to develop suitable interpretation methods relating spectroscopic measurements to the state of colon tissue.
Researchers studying diffuse reflectance spectroscopy have successfully used computational modelling of spectral reflectance as a tool to aid the interpretation of measured spectral data. Spectral reflectance models have been developed for a number of human tissues, for example the skin Claridge 1996, Meglinski and Matcher 2002) and the eye (Delori and Pflibsen 1989 , Hammer and Schweitzer 2002 , Preece and Claridge 2002 . However, little work has been reported on colon modelling.
The key contributions in this area come from a group including Backman, Feld, Perelman, Zonios and others, who modelled the spectral reflectance of the colon by means of theoretical models of light propagation in tissue e.g. (Perelman et al 1998 , Zonios et al 1999 , Badizadegan et al 2004 . In their work, light transport was modelled using the diffusion approximation (Farrell et al 1992) , and the colon tissue was assumed to be a 'homogeneous semi-infinite turbid medium' (Zonios et al 1999 p 6629) . The advantage of their approach was that the solution to the light transport equation, i.e. the derivation of tissue parameters from measured spectra, could be found analytically. This was, however, achieved at the cost of simplifying both the light interaction model and the model of the colon tissue. Georgakoudi et al (2003) suggested that two aspects of that work might benefit from improvement. First, the small distance between the light delivery and collection fibres in the spectral probe used in the data acquisition, made the use of the diffusion approximation inappropriate (Mourant and Bigio 2003) and, ideally, a more accurate light transport model should be used. Secondly, the simplification of the colon architecture, so that it comprises only a single layer, leads to a model which is unable to untangle the effects of different tissue layers on the remitted spectrum. The application of such a model to the interpretation of the measured spectra may result in impoverished conclusions and imprecise measurements.
In this work we have developed a detailed optical model of the normal colon comprising three layers, each with different histology. We have further demonstrated that light incident on the colon surface interacts with all three layers, and that no additional layers need to be included because any light which passed through the first three layers has only negligible effect on the remitted spectrum. Diffuse spectral reflectance was modelled using the Monte Carlo method (Wang et al 1995) , which should model light transport in tissue more accurately than the diffusion approximation (Jacques et al 2003) . The computed spectral reflectance curves were validated against measured data and their relationship with colon histology was analysed to identify the histological components which most affect the endoscopic appearance of the colon. This work constitutes the first stage of longer-term research whose objective is to derive semi-quantitative information characterizing diagnostically important histological components from multi-spectral endoscopic images. In this paper, after a brief review of the colon tissue structure in section 2, a detailed explanation of the model of colon tissue colouration, its parameters and their values, is given in section 3. The effects of individual parameters on the total remitted spectra is analysed in section 4 and a simplified version of the model presented. Validation of the model, carried out by comparing its output with the spectra measured from the real tissue, is described in section 5. Good agreement is obtained for the spectra, and, importantly, the parameters used to simulate them are histologically plausible, as presented in section 6. A discussion on extending the model to include cancerous tissue and of a possible application of the model in a novel method of image interpretation concludes the paper.
Background-light interaction with the colon
A reflectance spectrum of the colon depends on the tissue structure, its optical properties and the quantities of pigments present in it. Therefore, modelling of the image formation process in the colon requires that this structure is well understood.
Colon tissue is composed of four layers (figure 1) characterized by different optical properties. Starting from the innermost layer, sequentially they are: mucosa, submucosa, muscularis externa propria and serosa. White light incident on the surface of the colon tissue first interacts with the epithelium layer, composed of a one-cell layer of the epithelial cells. The nuclei of the epithelial cells have higher refractive index than the surrounding cytoplasm, and hence act as light scatterers. The size of the nuclei in the normal epithelium is 4-7 µm (Perelman et al 1998) , which means that the light is strongly forward scattered. In particular, using the Mie theory (Prahl 2000) we have estimated that the anisotropy factor for a diameter of 5 µm varies from 0.982 to 0.99 in the range 400-700 nm. Together with the fact that the epithelium is a relatively thin layer (about 25 µm in thickness), this implies that the great majority of the light incident on the surface of colon gets transmitted through the epithelium into deeper layers. This is in agreement with what was suggested in previously published reports, e.g. Zangaro et al (1996) report that only a small fraction of the light (2-5%) reflected back at tissue surface is due to the photons scattered at the cell nuclei of the epithelium layer lining the tissue. The inclusion of the epithelium layer in the colon model would therefore not significantly change the reflectance spectra of the colon tissue.
White light penetrating into the mucosal layer is scattered by a loose network of fine collagen fibres and subcellular organelles, such as mitochondria. The small size of these structures (whose diameter is a fraction of a micron) causes the light from the mucosa to be scattered at small angles, i.e. to be highly back scattered. Within the mucosa, there exists a network of small capillaries which are organized in honeycomb-like networks around the mucosal glands throughout all the length of the colon (Skinner and O'Brien 1996) . Capillaries provide red blood cells containing both oxy-and deoxy-haemoglobin which act as a strong light absorber in the visible range of light. Collagen fibrils and subcellular organelles are assumed to be the most important scatterers, while haemoglobin derivatives represent the most important absorbers of the visible light in this layer.
After traversing the mucosa, a small fraction of light is reflected at the boundary of the submucosa due to a change in the refractive index, whilst most penetrates into the submucosa. The submucosa is composed almost entirely of a dense network of larger collagen fibres (Thomson et al 1986) . The diameter of these collagen fibres is typically a few microns, which makes this layer a strongly forward scattering medium. Large blood vessels (arteries and veins) supply the submucosa with both oxy-and deoxy-haemoglobin, which causes further absorption of light in this layer. The total amount of blood in the submucosa is greater than that in the mucosa, resulting in an increase in light absorption.
The fraction of the incident light that is not absorbed or back scattered in the first two layers of the colon tissue enters the muscle layer where it gets further strongly absorbed by blood and scattered. The anisotropy factor of this layer is 0.96 (Marchesini et al 1994) , meaning that the scattering, once again, is strongly forward directed. Most of the light that penetrates into this layer does not return to the tissue surface. However, a fraction of photons in the red region, which penetrate deeper into the tissue, do re-emerge at the surface, altering the red end of the spectrum.
Finally, the light transmitted through the muscle layer into the deeper layers of colon tissue forms just a very small fraction of the incident light and is mainly confined to the red region of spectrum. It does not significantly affect the light remitted from the colon. This suggests that the spectral reflectance, and thus the colour of colon tissue, depends only on the light interaction with the first three layers. Therefore, our model of colon tissue comprises mucosa, submucosa and muscle layer.
Modelling the spectral reflectance with Monte Carlo method
In this section, a detailed description of the model of colon reflectance will be given. All the parameters included in the model will be explained, and the origins of their values will be discussed.
Modelling scattering and absorption coefficients
To model the interaction of light with colon tissue we have used the Monte Carlo method (Wang et al 1995) , which is considered to be an accurate solution to the radiative transfer equation describing light propagation in the tissue. It requires information about the absorption and scattering coefficients of each of the layers composing the model, their respective thicknesses, refractive indexes and anisotropy factors.
Previous literature reports very little on the quantitative optical properties of colon tissue, and specifically on its scattering and absorption coefficients. Marchesini et al (1994) and Zonios et al (1996) both report the optical properties of colon tissue measured ex vivo, i.e. on excised tissue samples. As argued by Marchesini et al (1994) , when measured ex vivo, scattering and absorption coefficients are not representative of what is happening in tissue in vivo because the excision of a tissue sample results in changes in the amounts of components, such as, for example, water and blood. Other sources, e.g. Beek et al (1997) and Tuchin (2000) , report optical properties of colon at single wavelengths only, and in particular at the near infrared wavelengths which are outside the range of our interest. For these reasons it was necessary to model the scattering and absorption coefficients of mucosa and submucosa by means of theoretical models.
The scattering coefficient can be expressed as
where λ is the wavelength, σ s is the density of the scattering centres and ρ s is the scattering cross-section which depends on the size and shape of scattering particles, refractive index of the particles and the medium and wavelength. The density of the scattering centres,
depends on V s , the volume fraction of the scattering particles, and , the maximum number of the scattering particles with radius r, assuming that they occupy all the medium.
Under the assumption that the scattering particles are homogeneous spheres, the scattering cross-section can be calculated using the Mie theory (Bohren and Huffman 1983) . This assumption is not strictly satisfied in colon as some of its scattering particles have highly non-spherical shape. However, recent studies by Chen et al (2004) suggest that modelling scattering cross-section of non-spherical particles by homogeneous spheres is a plausible approximation (see 7.1).
It should be noted that the modelling of the scattering coefficients has been carried out using a commonly used simplification under which the sizes, the shapes and the densities of the scattering particles are assumed to be the same within a given layer. This is obviously not the case in the real tissue, and particularly in the mucosa, where scattering is affected by collagen fibrils as well as by other organelles. The current model uses mucosal parameters derived from the properties of the collagen fibrils. In normal mucosa the fibril sizes are similar to those of the organelles and are of the order of a fraction of a micron. Their relative refractive index ranges are also similar: organelles 1.03-1.06 (Fang et al 2003) , and collagen around 1.06. Due to this simplification, any scatterer quantities reported subsequently in this paper must be taken to represent the mean values for all the contributing particles for a given layer.
The major absorbers of visible light in the colon tissue are oxy-and deoxy-haemoglobin. The absorption coefficient was therefore calculated using a known expression for the absorption by blood (Jacques 1998 , Prahl 1999 , Meglinski and Matcher 2002 :
where V Hb is the volume fraction of the blood in tissue, c Hb is the concentration of haemoglobin per litre of blood, α is the haemoglobin saturation, and ε HbO 2 and ε Hb are the molar extinction of oxyhaemoglobin and haemoglobin (Prahl 1999) . The concentration of haemoglobin per unit volume of blood in the colon is assumed to be 120 g L −1 , as suggested by Hajivassiliou et al (1998) ; according to Prahl (1999) , normal haemoglobin concentration in tissue is 150 g L −1 .
Model parameters and their origins
The Monte Carlo modelling method used in this work requires five parameters for each layer, namely absorption and scattering coefficients, refractive index, anisotropy factor and layer thickness. However, as scattering and absorption coefficients were not directly available for mucosa and submucosa, they had to be themselves modelled from simpler data. This has increased the overall number of parameters necessary for modelling the spectral reflectance of the colon, resulting in the following list: volume fraction of blood and haemoglobin saturation, characterizing light absorption; mean size and volume fraction of the scattering particles, characterizing the scattering of light; and layer thickness. These parameters were defined for both the mucosa and submucosa. For each of the parameters a range of plausible values was defined. Additionally, two constant parameters were defined for the first two layers of the model. Those parameters are the refractive index of the medium and of the scattering particles. Anisotropy factors for mucosa and submucosa were estimated from other parameters using the Mie theory. The muscle layer was modelled using single scattering and absorption curves, and fixed thickness, refractive index and anisotropy factor, as described later in this section.
To our knowledge, a comprehensive set of optical parameters characterizing the normal colon tissue has not been presented before and this constitutes one of the contributions of this paper. Some parameters were not previously reported in the literature, and for some the values reported in the literature varied considerably, as discussed below. Where histological parameter values were not available from the published sources, we derived parameter values through modelling and from measurements using stained images of colon.
Mucosa
Volume fraction of blood. Skinner et al (1995) and Skinner and O'Brien (1996) measured the sizes and volume fraction of the blood vessels in human colon by means of electron microscopy. They have reported the following volume fractions of blood vessels: proximal colon 13.4 ± 3.0%; midcolon 12.4 ± 5.1%; distal colon 7.7 ± 2.2%. However, it was observed that the difference in the volume fractions of blood vessels between proximal and mid colon was not significant, but only numerical. Therefore we treated both fractions as belonging to the range reported for mid colon. Given that the blood vessels in the real tissue are full of blood, we have used a simple method for extracting the volume fraction of blood from these data. In particular, the volume fraction occupied by the vessel walls was subtracted from the total volume fraction of the vessels, resulting in the following ranges of blood volume fractions: proximal and mid colon 5-15.5%; distal colon 3.57-8.96%. In significant disagreement with these findings are values published by Zonios et al (1999) who reported the haemoglobin concentration in the colon mucosa to be 13.6 ± 8.8 mg dL −1 . Given that in the expression for calculating the absorption by haemoglobin they do not explicitly distinguish the volume fraction of blood and the haemoglobin concentration per unit volume in tissue (as in expression 3), we understood that their haemoglobin concentration is actually the product of these two quantities. According to Hajivassiliou et al (1998) , the concentration of haemoglobin per unit volume of blood in the colon has a value of 120 g L −1 . This implies that the volume fraction of blood used by Zonios et al (1999) was 0.04%-0.18%. Compared to the findings of Skinner and O'Brien (1996) , these values seem to be 1-2 orders of magnitude smaller. Furthermore, Zonios et al (1999) give no reference which confirms that their values of haemoglobin concentration are histologically plausible. Based on the balance of all the above evidence we have decided to use the values reported by Skinner and O'Brien (1996) . However, in their work on skin, Meglinski and Matcher (2002) reported: 'the volume fraction of dermis occupied by blood vessels is usually in the range 1-20%, and varies in apparent blood content in the range 2-12%'. This suggests that the volume fraction of blood in the tissue can be significantly smaller than that of the blood vessels. We have therefore set the lower boundary of values for this parameter to be 2%, and the upper one to 10%.
Haemoglobin saturation. Friedland et al (2003) have measured the mucosal capillary haemoglobin oxygen saturation in the colon by reflectance spectrophotometry. They have reported that the haemoglobin saturation in the colon mucosa has the value 72 ± 3.5%. Zonios et al (1999) reported haemoglobin saturation of normal mucosa to be 59 ± 0.08%. Yet another estimate of this parameter in normal mucosa comes from Ge et al (1998) . Their statistical analysis of the spectral absorbance resulted in the following approximation: 49 ± 15 %. In our model the range 50-75% was used.
Collagen size. Zonios et al (1999) reported that sizes (diameters) of scattering particles including collagen in the colonic mucosa vary in the range 0.35-0.74 µm. However, different values have been reported by Furuya and Ogata (1993) , who studied the collagen networks of normal mucosa, hyperplastic polyps, tubular adenoma and adenocarcinoma of the human large intestine by means of electron microscopy and report that in the normal mucosa 'the sub-basal laminar collagen sheath was made up of densely arranged collagen fibrils about 100 nm in diameter'. To account for both sources, the mean size of collagen fibrils was taken to vary in the range 0.1-0.74 µm.
Volume fraction of collagen. We were unable to find the value of this parameter in the published literature. Our estimate, derived by the image analysis from microscopy images of histological samples of mucosa stained for collagen (at ×400 magnification), was that the volume fraction of the collagen fibrils is in the range 4-20%. Furthermore, this range of values used in the modelling of spectra has generated spectral reflectance consistent with the measured spectra.
Thickness. The thickness of the mucosal layer of the colon varies in the range 395-603 µm. This range was originally reported by Marchesini et al (1994) , and it agrees with the recent findings of Huang et al (2004) .
Anisotropy factor. The anisotropy factor was calculated by the Mie theory starting from the information on the collagen size and density (Bohren and Huffman 1983) . Given the small sizes of the scattering particles in mucosa, this parameter was found to be in the range 0.50-0.95.
Refractive index of the medium. This parameter was set to the value 1.38 as suggested by Tuchin (2000) . The value was assumed constant for all the wavelengths in the visible range.
Refractive index of collagen fibrils. The refractive index of collagen fibrils was assumed to have the value 1.46 as suggested by Jacques (1996) .
Submucosa
Volume fraction of blood. The literature does not report an exact value of this parameter for submucosa. However, it is known that submucosa has bigger blood vessels than mucosa and a larger total blood content. Therefore, an assumption was made that the volume fraction of the blood in this layer is in the range 5-20%. This rough estimate was deemed sufficient in the light of computational experiments showing that small changes to this value do not significantly affect the remitted spectrum.
Haemoglobin saturation. The range of values was taken to be the same as for haemoglobin saturation in mucosa, i.e. 50-75%. This seems to be a reasonable assumption, given that mucosa and submucosa have the same blood supply.
Collagen size. In contrast to the mucosa, which has very fine collagen fibrils, the submucosa is packed with collagen fibres of a larger diameter. Ge et al (1998) reported that collagen fibres of normal mucosa vary in the range 2-3 µm. We have extended this range to 1-6 µm, to account for observations made during the analysis of stained images of colonic submucosa.
Volume fraction of collagen. As in mucosa, the value of this parameter could not be found in the literature. Based on our image analysis of histological samples stained for collagen, the volume fraction of the collagen fibrils was estimated to be in the range 15-60%. This range yielded plausible modelled spectra.
Thickness. Thickness of the normal submucosa (including the muscularis mucosa) is in the range 415-847 µm. This was originally reported by Marchesini et al (1994) , and it agrees with the recent findings of Huang et al (2004) .
Anisotropy factor. The anisotropy factor of the submucosa is calculated by the Mie theory given the size and density of collagen fibres. Consistent with the large sizes of the scattering particles in mucosa, this parameter was in the range 0.95-0.99, indicating strongly forward oriented scattering of light.
Refractive index of the medium. This parameter is set to the value 1.36, as suggested by Tuchin (2000) , and is assumed to be wavelength independent in the visible range.
Refractive index of collagen fibres. Jacques (1996) argued that collagen fibres have smaller refractive index than collagen fibrils because the water content in the former lowers the corresponding refractive index. Given that the submucosa contains mainly large collagen fibres, a value of 1.38 was used as suggested by Jacques (1996) .
Muscle Layer.
The muscularis externa, unlike the mucosa and submucosa, is modelled with single scattering and absorption curves. This was considered sufficient, as the light which penetrates the first two layers and enters the muscle layer forms just a very small part of the incident light and is strongly forward directed, with a small fraction of photons in the red end of the spectrum returning to the tissue surface.
Scattering coefficient. Given that all the available literature sources report values of scattering coefficients of the muscle at single wavelengths only, we have applied the exponential model (Mourant et al 1997) to estimate the scattering coefficient for the whole visible range by extrapolation. Using this approach, the reduced scattering coefficient can be approximated as
where λ is wavelength in nm, g is the anisotropy factor, x is a factor of proportionality and c is a constant exponent. In order to find the values of x and c from the above equation, the values of the scattering coefficient of muscle at two wavelengths were used: Tuchin 2000) .
Using these values to solve the equation 4, the values of 168.52 and −0.332 are obtained for x and c respectively. Scattering coefficients were then calculated using the equation 4.
Absorption Coefficient. Absorption coefficients for the visible range were obtained by extrapolation from the value of the absorption coefficient at 515 nm reported by Marchesini et al (1989) , using expression (3), which can be rewritten as follows:
where A is unknown. Given that it is the only unknown, we can use µ a (515) = 11.2 cm −1 to extract the value of A, and then calculate the absorption coefficients for all the wavelengths in the range 400-700nm.
This result should be treated with caution for the following reason. Given that Marchesini et al (1989) analysed optics of the muscle tissue ex vivo, the absorption coefficient was affected by the fact that the amount of the blood in muscle was less than in real tissue in vivo. A computational experiment was carried out in which the amount of blood in the muscle was varied, and it was observed that it does not cause big changes in the reflectance spectra of the colon. This could be explained by the fact that only photons in the red region are penetrating the muscle layer. However in that region of the spectrum absorption of blood is very small and hence it does not affect the spectra.
Thickness. Huang et al (2004) reported that the thickness of normal colonic muscle is in the range 600-1010 µm. Throughout the expriments we have used a fixed value of 900 µm to represent the thickness of this layer.
Anisotropy factor. Anisotropy factor was assumed to have a constant value throughout the visible range of wavelengths. The value of 0.96 reported by Marchesini et al (1989) was used in our model.
Refractive index of medium. Refractive index of the medium was set to 1.36 as suggested by Tuchin (2000) .
Reflectance of the colon using Monte Carlo method
Having established the model parameters and their histologically plausible ranges, the Monte Carlo method was used to calculate the total diffuse reflectance spectra. Given the high computational complexity of Monte Carlo simulations, which is proportional to the number of wavelengths at which the reflected spectrum is calculated, the spectra were simulated at the following set of 25 wavelengths, chosen to give a sufficiently accurate characterization of the shape of the spectra: {400, 410, 420, 430, 440, 450, 480, 506, 514, 522, 540, 548, 560, 564, 568, 574, 580, 586, 594, 610, 620, 630, 640, 676, 700} . Most wavelengths were selected in the blue and green region of the visible light, because these parts of the spectrum are significantly changed through the light absorption by haemoglobin pigments. Each spectrum was obtained using 200 000 photons. Figure 2 shows the effects of varying the model parameters on the final remitted spectrum. In each graph, only a single parameter is varied through the corresponding histologically plausible range. All other parameters are set to the mid-values of their ranges. As can be seen, the parameters of the mucosal layer have the greatest influence on the reflectance spectra of the colon. In particular, in the blue and green region, the haemoglobin absorption results in the characteristic dips and peaks of the spectrum around 420 nm and 540-580 nm. They become more prominent with increase in the blood content. Only small changes can be seen in the red part of the spectrum, where the absorption by haemoglobin becomes negligible. A larger blood content also results in smaller remittance signal, as more light gets absorbed on its way inside the tissue. It can be seen from figure 2 that the haemoglobin saturation has a relatively little effect on the spectra in its plausible range.
Effect of the individual parameters on the colon spectra
The size of the scattering particles in mucosa has a very strong effect on the remittance in all parts of the spectrum. The smaller the size, the less forward scattered the light is, and hence the more light is remitted in blue and green, and less in red. Analogously, the converse is true when there is an increase in the diameter of the scattering particles.
The volume fraction of the scattering particles in the mucosal layer causes significant variations in the remitted spectrum through all the wavelength range. The most pronounced changes are in the red region, where absorption by haemoglobins is relatively small, and the remittance is affected mainly by the scattering effect. Changes in the blue and green region are also present as, for a lower volume fraction of the scattering particles, the scattering coefficient is smaller and therefore the effect of the haemoglobin absorption on the spectra is greater (Marchesini et al 1994) .
In contrast to the mucosa, varying the parameters of the submucosa does not result in big variations of the total reflectance, with changes being limited only to the red region of the spectrum (figure 2). This is as expected, given that photons in the blue and green region are more strongly scattered than those in the red, and hence they probe tissue volume to a lesser depth. While blue and green light travels mostly within the mucosal layer, red light penetrates deeper in the tissue. After being absorbed and scattered, a small part of it then re-emerges at the tissue surface, affecting the changes of the total remitted spectrum.
Given that the mucosal parameters have the most significant effect on the spectra of the colon, we have performed a quantitative analysis of the model's sensitivity to variations in the values of the four most important mucosal parameters, namely blood volume fraction, size of the scattering particles, density of the scattering particles and thickness. To do this, 30 sets of parameter values were randomly chosen from their respective ranges. For each of these sets three parameter values were regarded as fixed, the fourth was replaced by taking its global maximum or minimum value, enabling a pair of spectra to be calculated. This was done for each of the four mucosal parameters. Thus, in all, for each of the 30 sets, four pairs of spectra were computed. Variations of the spectra were then estimated by calculating the difference between the paired spectra at each wavelength, in all 30 cases, and for all four parameters. Mean and standard deviations of the distances were calculated and are presented in figure 3 . Once again, it can be observed that the volume fraction of blood and the scattering particles in the mucosa have a major impact on the colon spectra. The size of scattering particles and layer thickness have a smaller influence, with the last being confined mainly to the red end of the spectrum.
Although varying the submucosal parameters does not result in significant changes in the final remitted spectrum shapes, this layer, as well as the muscle layer, must be included in the model because their parameters influence the absolute spectral line positions. This observation was confirmed by comparing the spectra reflected from the first layer only with the spectra modelled using two and three layers respectively. In the latter two cases, an increase in the red region of the total remitted spectrum was observed, as shown in figures 4(a) and 4(b) Quantitative analysis of the variations of spectra as a function of the number of layers was carried out by calculating mean and standard deviation of differences between the spectra of only mucosa and spectra of mucosa and submucosa (figure 4(c)); and spectra of mucosa and submucosa versus spectra of first three layers (figure 4(d)) for 20 randomly chosen sets of parameter values. It can be clearly seen that including the second and third layers alters the red end of the spectrum. A further reason for retaining the submucosal and muscle layers is that they may affect the spectrum variability in abnormal colon tissue. This remains a subject of future studies.
Whilst modelling normal tissue, the constant effect of the submucosa on the final spectrum has suggested an obvious simplification of our model. Instead of allowing the parameters of the submucosa to take a range of values, they can be set to a single set of plausible values discussed in the previous section. This makes the model less complex, and hence more easy to analyse and invert. It is clear that this simplification introduces a small error to the spectra generated by our model, but this is acceptable given that a final goal of our work is the estimation of relative and not absolute quantities of the histological parameters. The obvious limitation is that the simplified model permits only extracting the information about specific parameter values of the mucosa. However, this does not necessarily diminish the significance and usefulness of our method, as early changes of the tissue due to development of pathologies and cancer of the colon are confined to the mucosal layer. Hence, being able to characterize only the structure of mucosa would still be of a great value in diagnosis. Therefore, in the remainder of this paper, the submucosal parameters of the model are set to constant values (see table 1), and only those of the mucosa are varied in their appropriate ranges.
Model validation
The main objective of the validation process was to verify the correctness of the spectral reflectance model of colon. This has been done by comparing spectra computed from the model by Monte Carlo simulations with spectra measured from real tissue. If the model is correct, then it must be able to generate spectra which approximate well the measured spectral reflectances, and the parameters used for modelling must correspond to histologically plausible ranges. However, this is only the first step, as the converse assertion is not necessarily true. The simulated spectra were compared against two independent sets of the experimental spectra obtained by diffuse reflectance spectroscopy in vivo. The first data set was obtained using a probe composed of 16 fibre optics, each having a diameter of 200 µm, randomly placed in a circle. Eight fibres were used to deliver the light to the tissue, and another eight to collect the remitted light. The probe was passed through a working channel of an endoscope and placed in contact with the colon wall of the patients during ordinary colonoscopy procedures (Ge et al 1998) . Out of 84 spectra of normal colon, kindly provided by Kevin Schomacker, 54 have been used in the validation.
The second set of the data, comprising 50 spectra of normal colon, was collected by Sambongi et al (2002) using a non-contact probe with significantly different geometry than the one described above. The illuminating fibres were placed at the centre of the probe, in a circle of diameter 1 mm. The light receiving fibres were placed around these in a ring, with an outer diameter 2 mm. Probe to tissue distance was approximately 1 mm. The measured spectra were recorded every 2 nm in the range 300-800 nm for the first data set, and 400-800 nm for the second data set. No spectra of abnormal colon were used in the validation because the model developed so far simulates the light interaction with normal tissue only.
It is well known that the spectral composition and the intensity of the collected light depend not only on the tissue structure but also on the geometry of the probe used in measurements. Therefore, comparisons between in vivo measured spectra and modelled spectra are meaningful only if the real and the virtual probes collect compatible spectral information. For that reason, it was necessary to model the probes used by Ge et al (1998) and Sambongi et al (2002) in their measurements. In particular, the output of the Monte Carlo method which gives the spectral reflectance corresponding to the pencil beam of incident light (Wang et al 1995) , was convolved to yield the response to a uniform beam of illumination (Wang et al 1997) generated by the illuminating fibres. This response was then further convolved against the specific distribution of collecting fibres in the probes to yield the total responses of the two probes. In this last step, the numerical aperture of the collecting fibres was taken into account when calculating the amount of remitted light that was actually collected. In addition, for the non-contact probe of Sambongi et al (2002) , probe to tissue distance was taken into account.
The validation was implemented as an optimization problem, with the aim of minimizing the distance between the simulated and measured spectra. The distance between the two curves was calculated using the following measure of distance between two sets of points:
where y i and z i are the values of measured and simulated spectral reflectances at the wavelength w i , and m is the total number of wavelengths (in our case m = 25). Simulated spectra were generated using the input parameters described in section 3.2, namely: constants characterizing the refractive index of the medium and scattering particles, and the anisotropy factor for mucosa, submucosa and muscle; fixed parameters characterizing the absorption and scatter of submucosa and muscle; and five variable model parameters describing the mucosa blood volume fraction, haemoglobin saturation, size of the scattering particles, density of the scattering particles and thickness. An additional variable parameter, a scale factor, was introduced to account for the adjustments of the normalization process where the measured reflectance spectra were normalized to a reflectance standard. This parameter is necessary because the spectra of the tissue and of reflectance standard were recorded from different probe-sample distances. There were therefore six parameters to be optimized.
Optimization was carried out using an adaptive approximate optimization method , devised to overcome the long computation times involved in generating spectra using the Monte Carlo method. The speedup is obtained by finding a near-optimal solution using a fast but approximate model, in this instance Kubelka-Munk (Kubelka and Munk 1931) , and then iteratively reducing the error between the approximate and the accurate model, i.e. Monte Carlo. The overall scheme is as follows:
1. Initially, set the error model to be zero. 2. Carry out optimization using Kubelka-Munk approximation (see below) and the error model. 3. Generate a spectrum from the parameters found in step 2 using Monte Carlo and probe geometry specific convolution. If the spectrum is deemed sufficiently close to the measured spectrum, terminate. 4. Run Monte Carlo on a number of parameter vectors close to the 'optimum' ones found in step 2. 5. Use these points to update the error model. 6. Go to step 2. This cycle is repeated until a sufficiently accurate spectrum is found, or until a maximum number of iterations is reached. At each cycle, the error model is corrected (step 5). This is done by sampling some points in the neighbourhood of the current optimum, and then making a linear approximation to the error. That is, we approximate the error between the Monte Carlo method and the current surrogate, by estimating its differential at the current optimum (Ge et al 1998) . Simulated spectra (dash-dotted line) fit well the measured reflectance (solid line). point. A detailed description of the method can be found in Hidović and Rowe (2004) . The optimization to find the approximate solution in step 2 above uses an evolutionary strategy .
Results
Figures 5 and 6 show typical results of the validation process. As can be seen, modelled and measured spectral reflectance curves agree well. This is particularly evident for the data collected by Ge et al (1998) . In the validation against the second set of data (Sambongi et al 2002) , small mismatches can be observed in the region between 400 and 450 nm. Better fit in that region could have been obtained by taking into account inhomogeneous distribution of blood in the tissue (Amelink et al 2004 , Verkruysee et al 1997 , Finlay and Foster 2004 . The slight missmatches between modelled and measured spectra could also be attributed to the nature of the optimization procedure described above. As the Monte Carlo method is computationally very expensive, the number of runs had to be limited rather than allowing the optimization to run its full course. For this reason the set of parameters found was not necessarily an optimal set, but a set deemed to be close enough, as measured by the distance function described by equation (6). Improved results can be produced by increasing the number of discrete wavelengths which represent a spectrum and by increasing the number of iterations, but at the cost of greatly increasing the computation time. The significant level of noise which can be observed in the measured spectra in the 400-450 nm region may have amplified the problem in that region. A quantitative error analysis was performed on the set of 54 spectra of the normal colon tissue (Ge et al 1998) referred to in section 5. The mean error (±STD) of the difference between the curves, calculated using equation (6), was 0.0104 (±0.0037). The extracted parameter values are shown in table 2.
The comparison of the reflectance curves obtained using different probe geometries has shown that different measurement methods produce reflectance spectra of different magnitudes and shapes. This can be observed in figures 5 and 6. The data provided by Ge et al (1998) was acquired with a probe placed in contact with the tissue. As a result, only a small fraction of photons in the red region were collected, as they travel larger paths inside the tissue, and hence re-emerge at the tissue surface at large source to collection distances. The noncontact probe, on the other hand, generally collects photons from a slightly larger area on the tissue surface than that of the probe itself. This results in an increased number of red photons that get collected compared to photons collected by a contact probe of the same diameter.
Discussion and future work
This paper has described the structure and the parametrization of an optical model of the colon. Verification has demonstrated that the model is able to generate spectra which approximate well the spectra measured in real colon tissue. However, the model would benefit from a number of improvements, the most important of which are to implement more realistic models of scattering in the tissue, and to refine the absorption coefficient for blood to take into account its inhomogeneous distribution and the effects of the vessel size. Discussion in section 7.1 addresses these issues.
As we have seen, the validation process was carried out only on the normal spectra, as the model developed so far represents only the normal colon tissue. Clearly, to be of diagnostic use, the model needs to account for pathological changes. We have carried out some preliminary work which indicates that by modifying the parameters of the current model, so that they reflect histopathological changes associated with colon cancer, we can obtain spectra resembling measured spectral reflectance of adenocarcinomas. This is discussed in section 7.2.
The most important aspect of our future work is the diagnostic interpretation of the measured data. Quantitative parameters obtained from the optimization method used for the model validation (section 5) could potentially be used to characterize the mucosal tissue. However, this method is time consuming and applicable only to single-point full spectral data. In section 7.3 we outline the proposal for deriving parameters from multi-spectral images comprising a small number of spectral bands. In the proposed approach, image data would be acquired using a modified endoscope, interpretation would be much more rapid, and parameter values would be presented in the form of images showing locations and spatial patterns of any abnormal blood and collagen features. This method of interpretation has already been successfully implemented for the skin , and as a result, a system able to assist clinicians in diagnosis of melanoma was developed (Moncrieff et al 2002) .
It is important to stress that the interpretation of the spectra based on the physics of light interaction with tissue differs significantly from traditional approaches to spectral analysis in which statistical or pattern analysis techniques are applied to the spectra, without considering the process of their formation. Such analysis, with the aim of distinguishing the neoplastic and non-neoplastic tissues, was carried out by a number of authors, for example Mourant et al (1996) , Ge et al (1998) , Sambongi et al (2002) . In contrast to the above technique, a physics-based approach relies on a fundamental understanding of the formation process of spectra, which enables it to provide a histological interpretation of spectral features, rather than just statistically analysing them.
Possible ways of improving the model
The scattering properties of the colon layers were modelled by taking into account the physical properties of collagen, and assuming the homogeneity of each layer. A possible shortcoming of this simplification is that the parameters returned from fitting to the model may not correctly reflect histopathological changes. The model could clearly be refined by considering each of the scattering components as a separate entity, each with its representative range of parameter values. This is a worthwhile objective because there is growing evidence that the sizes and densities of scattering particles, including subcellular organelles and chromatin-rich cells, affect the spectral and angular distribution of polarized light and produce diagnostically important differences in the remitted spectra (Backman et al 2000 , Gurjar et al 2001 , Fang et al 2003 .
Further improvement in modelling of scattering may result from considering the nonspherical nature of the scattering particles. However, recent work by Chen et al (2004) suggests that the modelling of non-spherical particles as spheres can yield acceptable scattering coefficient. That paper introduces the concept of the equisphere, which is a sphere that gives rise to the maximum phase shift of the non-spherical particle of interest. It is shown then that the scattering cross-section of non-spherical particles has the same periodic characteristics as the cross-section of their spherical counterparts, with some differences in the amplitude. These differences can be compensated for when multiplying the scattering cross-section by the density of the scattering particles in order to get the scattering coefficient. Our model varies the scattering cross-section and the particle density separately to arrive at the optimal scattering coefficient for a given spectrum. Thus, taken individually, each of the variables may show a small error; however, on the strength of the work by Chen et al (2004) , their product is likely to be correct. Whilst this approach is deemed to be satisfactory for our current model, we intend to work towards a more detailed model of scatter for non-spherical particles such as collagen, and subcellular organelles.
Another potential improvement concerns the modelling of the absorption coefficient. The expression for blood absorption (3) used in this work is based on the measurement of haemoglobins in a homogeneous solution. In most real tissues blood is confined to blood vessels which occupy only a small portion of the tissue volume. Recent experimental work by Van Veen et al (2002) , Amelink et al (2004) and Finlay and Foster (2004) demonstrates that such an inhomogeneous distribution of blood pigments may significantly affect the blood absorption coefficient. Van Veen et al (2002) and Amelink et al (2004) suggest a correction factor which is approximately inversely proportional to the product of µ a of whole blood and the size of the vessel diameter. The effect of the correction is primarily to flatten the spectral absorption curve in the Soret band, with only small effect on the wavelengths above 450 nm. The differences between the measured spectra and our model-derived reflectance values in 400-450 nm band in figures 5 and 6 can be attributed to the lack of the correction factor in the current version of our model. In the future imaging work, discussed in section 7.3, we are unlikely to acquire images of the colon in the range below 450 nm. In this part of the spectrum standard CCD camera chips have relatively low quantum efficiency, which gives rise to an unfavourable signal to noise ratio. However, in general, the reflectance in the Soret band is important in tissue studies and the incorporation of the correction factor is recommended.
Reflectance of cancerous tissue: preliminary findings
For the method to be applicable to a diagnostic investigation of the colon, histological parameters which affect the spectral reflectance should differ between normal and abnormal tissue. Our preliminary investigation indicates that this indeed may be the case. It is well known that tumour cells grow and divide very quickly. Growth of the tumour depends on the growth and density of the supporting blood vessels. Skinner et al (1995) studied microvascular structure of tumours in human colon. They found that the blood vessels within carcinomas were characterized by disorganization, increased size and density compared to normal colon. Increased vasculature implies increased blood flow. This finding was supported by Zografos et al (1990) , who measured blood flow by the laser Doppler flowmetry and found that it increased in human rectal carcinomas when compared to normal colonic mucosa. Haemoglobin saturation is also known to vary between normal and abnormal tissue. In particular, Ge et al (1998) reported a decrease in oxygen saturation in adenocarcinoma of colon. Hilska et al (1998) have studied the distribution of collagen in normal and malignant colorectal mucosal tissue and observed that both the epithelium basement membrane (composed mainly of collagen IV) and the collagenous matrix beneath it (composed of collagen type I and III) were disturbed in the malignant tissue. Even if unable to identify the stage or grade of tumour, their studies showed that loss of the basement membrane in colorectal carcinoma increases the probability of distant metastases. Furuya and Ogata (1993) studied the collagen network of the colon by means of electron microscopy. Their main findings suggested an increase in the density of collagen in the central region of the cancer whereas looser networks of thinner collagen fibrils were observed towards the margin of the tumour. Furthermore, Turnay et al (1989) studied collagen metabolism in human colon adenocarcinoma. Their main findings suggest an increase in the collagen content in the first stages of the neoplasia, followed by a decrease during the development of the tumour, with the overall collagen content being lower in the tumour.
With the aim of demonstrating the ability of the model to generate abnormal spectra we have conducted a computational experiment in which the ranges of parameter values in the model were changed to correspond to the changes in the colon tissue discussed above. Figure 7 shows graphs of measured and modelled spectra of normal and cancerous tissue. The graph on the left shows the spectrum measured in vivo in a cancerous and an adjacent normal tissue of a patient Ge et al (1998) . The graph on the right shows the modelled spectra. The top graph (solid line) is a spectrum of a normal colon obtained during the validation process described in section 4. Parameter values extracted were in the histologically plausible ranges (table 3) . The bottom graph (dashed line) shows a spectrum derived from the normal one above. It was generated by altering the parameters for the blood and collagen content in the mucosa in line with the changes in the tissue structure which occur in cancer, as discussed above. In particular, the blood volume fraction and the thickness of the mucosa were increased, while collagen content was decreased (table 3). As can be seen, this spectrum resembles the measured spectrum of abnormal tissue, adenocarcinoma, shown on the left.
It should be stressed that the above experiment does not represent the verification of the model for abnormal spectra, but just a demonstration that the model is able to generate abnormal spectra when the values of histological parameters are changed to reflect the histological changes associated with the abnormal tissue, as discussed above. More detailed study is currently being carried out in order to understand how the tissue abnormalities influence the final remittance. However, on the strength of the arguments that, first, a developing cancer changes the characteristics of blood and collagen in the mucosa, and second, that changes in both these factors have significant effect on the remitted light in normal tissue, we expect that the shapes of the spectra for abnormal tissue will be affected in a characteristic way. If normal and abnormal spectra are shown to exhibit characteristic patterns and behaviours, they can be used to characterize colon pathologies, including colon cancer.
Multi-spectral imaging and interpretation to aid diagnosis
One of the important challenges in the fight against colon cancer is the detection of early changes (Gurjar et al 2001 , Wax et al 2002 which may not be apparent in endoscopic images. A disadvantage of single-point spectroscopy is, in this respect, that a probe operator may miss a potentially suspicious site. An ideal solution would be a hyperspectral image which registers a whole spectrum at each image point. Although such a technology exists, it normally requires long acquisition times which are not feasible for in vivo imaging of the colon.
Our earlier work has shown that under certain conditions it is possible to recover parameter values relatively accurately from a small number of optimally selected spectral bands (Claridge and Preece 2003) . Four parameters characterizing the mucosa (thickness, blood volume fraction, size and density of collagen fibrils-see section 4) require four bandpass filters, making the image acquisition with the existing endoscope technology feasible.
The relationship between the multi-spectral image vectors and the parameters can be derived from the spectral reflectance model described in this paper as follows. By varying the model parameters across the whole range of their plausible values (section 3.2), reflectance spectra corresponding to all normal colon tissues can be generated. Next, by convolving the spectra with the four bandpass filters selected through optimization, all plausible fourdimensional image vectors can be computed. In this way the cross-reference between the tissue parameters and the image vectors is established. Provided that the mapping between the parameters and image vectors is unique (Claridge and Preece 2003) , parameter values can be derived from the measured four-band image data. Information about the histological parameters characterizing the colon can then be represented in a form of grey-scale images with each pixel showing the magnitude of the respective parameter. This should permit the reconstruction of the structure of colon tissue and its further analysis.
Conclusions
An optical model of the colon has been developed which, using Monte Carlo simulations, permits the calculation of the spectral reflectance of colon tissue for ranges of histological parameters. The validation process has shown that the model is able to generate spectra which correspond to measured spectral reflectance of colon tissue. Moreover, the ranges of parameters used in the model are histologically plausible, which lends weight to our assertion that the model is correct. As part of the model development, the parameters characterizing the optical and physical properties of the colon have been established and brought together for the first time. The effect of the individual parameters on the colon spectra was analysed, enabling fresh understanding of the effect of the colon structure on the remitted spectrum. The analysis resulted in two particularly useful conclusions. First, the modelling experiments have shown that the remitted light is affected mainly by the structure and contents of mucosa, and that the tissues lying further into the light path have a small, but constant effect. This has allowed us to reduce the number of variable parameters from nine to four and thus to considerably simplify the model. Second, we have observed that the variations in each of the four parameters affect the shapes of the spectra in different combinations of spectral regions. This behaviour suggests that it may be possible to carry out the model 'inversion' and to recover parameters characterizing the colon from images acquired through optimally selected filters. It is hoped that in the long term the results of this research will be used to help with the diagnosis of colon disorders, and in particular colon cancer.
